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Introduction
The tendons of the wrist/hand and ankle/foot are frequently involved in degenerative, traumatic and rheumatic diseases. In rheumatoid arthritis (RA) and other chronic inflammatory arthritis, synovial proliferation and angiogenesis in the tendon synovial sheaths, i.e. tenosynovitis, can produce structural tendon damage with consequent tendon ruptures at the sheath-covered areas, mainly in the wrists and ankles [1] [2] [3] [4] .
Over the last decades, musculoskeletal (MS) ultrasound (US) has been successfully validated for the diagnosis of tendon injuries at the wrist/hand and ankle/foot [5] [6] [7] [8] [9] [10] [11] [12] [13] , with an accuracy comparable to that of magnetic resonance imaging (MRI) [6, 8, 10, 11] . Both imaging techniques are especially useful in the detection of partial tendon tears, which are much more challenging to diagnose by clinical assessment than complete tears [8] . US, however, is more available and patient friendly and cost effective than MRI.
US has played a key role in helping the physician understand the extent to which tendons are affected in RA. For example, US has shown a greater sensitivity than clinical examination in identifying inflammatory and structural tendon changes [14] [15] [16] [17] . Several studies have focused on the reliability of US in detecting and grading tendon damage in RA, resulting in good interobserver agreement [18] [19] [20] . The only way imaging data can be corroborated definitively is by inspecting the tendon in vivo, which would be unethical. Therefore, if we could reproduce tendon damage in a cadaveric model, we hypothesize that US imaging should be able to show up similar results for tendon damage in both cadaveric and live specimens. If this hypothesis proves to be correct, this will enable us to conclude that the cadaveric model is an effective surrogate for the evaluation of US performance in the detection of RA lesions. The main objective of this study therefore was to establish whether US images reflect artificially induced RA-like tendon tears in cadaveric models in the same way as those in living patients. The secondary objective was to test the intra-and interobserver agreement in the grading of tendon lesions as well as to evaluate the concordance between the US findings and the artificially induced lesions in this cadaver model
Methods
This study was designed by members of the Working Group on Anatomy for the Image.
Specimens
Ten ankle and foot specimens (5 right specimens, 5 left specimens) from five fresh-frozen human cadavers (2 men, 3 women; age of death range 79-93 years) were used for the study. Each specimen was sectioned and removed from the distal third of the calf and thawed for 24 h at room temperature. Institutional approval (Universidad Complutense de Madrid) was obtained for use of nonembalmed cadavers for research.
Tendons
We selected ten tibialis anterior tendons (TAT) and ten tibialis posterior tendons (TPT) for the study. Both are covered by synovial sheath at the ankle level where the TAT runs in a straighter line than the TPT which curves behind the medial malleolus.
Procedure for surgical creation of tendon lesions
Prior to the day of surgical intervention, we asked experts in US evaluation of tendon damage in RA patients (i.e. some of the authors of the definition and scoring system for tendon damage [20] ) to send images of US-detected tendon damage in patients with RA seen in clinical practice. These images, together with the experience of the orthopaedic surgeon, helped him create the RA-like tendon lesions.
Prior to surgical intervention, an US expert (IJ) performed a MSUS evaluation of all tendons to check for existing lesions. No tendon was found to have structural damage. The sonographer played no further part in the detection and scoring of tendon damage. The 20 tendons were randomly assigned to undergo either: a surgically induced partial tear (6); a surgically induced complete tear (6); or to be left intact (8) .
For the TAT, both partial and complete tears were induced proximally or distally to the superior extensor retinaculum. For the TPT, tears were induced proximally or distally to the flexor retinaculum.
All procedures were performed by the same orthopaedic surgeon (JM), expert in surgery of RA tendon lesions. To mask the artificially induced tendon involvement, all specimens underwent the same procedure, including those tendons which were to be left intact.
A longitudinal incision of 10 cm was made for each tendon at the same anatomical points. To avoid suture artefacts, special care was taken to ensure the incision did not overlap the tendon. In the TAT case, this was achieved through an antero-lateral incision made approximately 3 cm parallel to the tendon. For the TPT, the surgeon performed a retromalleolar incision approximately 3 cm to the rear of the tendon. With the incision made and the tendon located, part of proximal or distal retinaculum (i.e. superior extensor retinaculum and flexor retinaculum) was sectioned and removed. Tendon integrity was checked by pulling first one end and then the other, beneath the retinaculum (Online Resource 1). The tendon sheath was then sectioned longitudinally, and the macroscopic integrity of the tendon was checked. Gel was inserted around the tendons on the assumption that air would enter between the tendon sheath and tendon upon sectioning which might impair US data.
To induce partial tendon tears, the bistoury was inserted lengthwise to the centre of the tendon and rotated from side to side. Then, the medial or the lateral part of the tendon was sectioned. For complete tendon tears, the tendon was sectioned in a transversal plane through its entire thickness. A small segment of the sectioned tendon was then cut and removed to prevent occlusion at the tips, which would not otherwise happen with a living model where contraction is present. Then, to produce typical RA lesion the tendons ends were fringed and frayed (Online Resource 2).
By this stage, the tendons took a more undulating form than might otherwise be expected in living models which may distort US findings. To redress this, corresponding muscles were manually strained.
US assessment
The day following the surgical procedures, US examination was carried out by a team of three rheumatologists, experts in MSUS (EN, JCN and JU), masked to the previous day's surgical intervention. US evaluation took place in one morning session with foot samples being randomly allocated a 10-min slot allowing each expert to evaluate US findings and assess tendon damage. The same process was repeated in an afternoon session, meaning that all observers had evaluated each tendon twice. An independent researcher, not involved in US evaluation (IJ), was responsible for the evaluation timetabling and random sample allocation.
US scanning was carried out with five real-time scanners (LOGIQ E9, GE Medical Systems Ultrasound and Primary Care Diagnostics, Wauwatosa, WI, USA) equipped with a multifrequency linear matrix array transducer (6-15 MHz). B-mode machine settings were optimized before the study and standardized for the duration. These settings were as follows: B-mode frequency 15 MHz, B-mode gain 51 dB and dynamic range 57 dB.
The US examination consisted in a systematic longitudinal and transverse scanning of the synovial sheath-covered area of the tendons following a standardized scanning protocol [21, 22] . To scan the TAT, the foot was positioned at rest over its plantar aspect and supported by a towel. The probe was placed transversely and longitudinally to the long axis of the leg and moved from the proximal to the distal and from the medial to the lateral aspect of the tendon. To scan the TPT, the foot was placed lying on the plantar aspect in slight eversion and supported by a towel. The probe was placed transversely and longitudinally to the long axis of the leg over the medial malleolus and then moved carefully to the posterior aspect of the malleolus tibialis. The probe was moved from the proximal to the distal aspect of the medial malleolus following the tendon course. The probe was moved in line with the tendon fibres so as to avoid anisotropy. Dynamic manoeuvres such as slight dorsal and plantar flexion of the ankle were performed to optimize US imaging.
Researchers rated US quality performance on the cadaver models using a Likert scale as follows: (1) Tendon damage was defined on B-mode as an internal and/or peripheral tendon defect (i.e. the absence of fibres) in the region enclosed by tendon sheath, seen in two perpendicular planes [20] . A three-grade semi-quantitative scoring system for RA tendon damage was used to evaluate tendon damage. The scores were as follows: grade 0, normal; grade 1, partial tendon tear; and grade 2, complete tendon rupture [20] . This scoring system has been recommended by the Outcome Measures in Rheumatology (OMERACT) MSUS group. Each investigator was given a maximum of 10 min to scan each specimen and fill in a standardized report sheet with the investigation results.
Statistical analysis
Statistical analysis was performed with IBM SPSS Statistics 21.0 (IBM Corp. SPSS, Armonk, NY, USA). Quantitative variables were presented as the mean, SD and range and categorical variables as absolute frequencies and percentages. Intraobserver agreement for US grading of tendon damage was assessed by unweighted Cohen's κ. Interobserver agreement for US grading of tendon damage was assessed by Fleiss's κ. κ Values of 0-0.20 were considered poor, >0.20-0.40 fair, >0.40-0.60 moderate, >0.60-0.80 good and >0.80-1 excellent [23] . P values ≤0.05 were considered significant.
Results
A total of 20 tendons (10 TAT and 10 TPT) were evaluated twice by the three investigators. Samples of tendon damage are shown in Figs. 1 and 2 . Table 1 displays the results (mean values from the two rounds) from the US imaging quality parameters assessed by each investigator. Overall, quality performance was considered satisfactory for all US technical criteria of image findings assessed over the two sessions.
US technical performance

Intraobserver agreement for US grading of tendon damage
The κ values and CI for intraobserver agreement in grading tendon damage for each tendon and for both tendons are shown in Table 2 . Agreement was excellent for the TPT and good for both tendons together. However, it was only moderate for the TPT. Table 3 displays the κ values and CI for interobserver agreement in grading tendon damage for each tendon and for both tendons in the two rounds. Again, the results were excellent for the TAT, good for both tendons and moderate for the TPT. Table 4 shows the concordance between the scored tendon damage and the tendon involvement in the surgically manipulated cadaver model. The concordance was acceptable, being better for the TAT than for the TPT. 
Interobserver agreement for US grading of tendon damage
Concordance between US findings and surgically created lesions
Discussion
Over the last decade, the OMERACT MSUS group has assessed the metric properties of US in detecting and scoring potential endpoint in rheumatic diseases for clinical trials and practice [24] [25] [26] [27] [28] . The group has worked on validation of US-detected and graded tendon damage in RA [19, 20] , which is an essential component of the structural damage in this disease [19, 20] . This comes in the wake of proven US capability in the diagnosis of superficial tendon lesions, as shown in a number of studies [5] [6] [7] [8] [9] [10] [11] [12] [13] , most using surgical findings [6] [7] [8] or cadaver models [9, 11, 12] as criterion standard. In particular, concurrent validity of US in detecting hand tendon tears in RA was shown using surgical findings as criterion standard [8] . Both interobserver and intraobserver reliability of US for detecting and grading tendon damage have been demonstrated in patients with RA [18] [19] [20] .
MSUS validation studies performed on cadaveric specimens, as opposed to living patients, offer several advantages. For example, in studies involving multiple assessors, data gathering is faster and more practical, as is the ability to evaluate a wide spectrum of lesions. However, both US technical performance and surgically induced lesions in cadaveric models are not necessarily equivalent to those in the living.
We tested the technical performance of US in a cadaver model with surgically created RA-like tendon damage. We used two different ankle/foot tendons, the TAT and the TPT, the latter being more curved. The three MSUS experts involved in the study reported tendon visualizations as well as other related structures to be satisfactory. Artefact impairment was also considered acceptable. In addition, researchers rated diagnostic confidence as high.
There are some procedural issues in cadaver model preparation that we would like to address. Firstly, the cadaver should be completely thawed when the US examination is performed to allow optimal visualization of anatomical structures; otherwise, a partially frozen specimen prevents proper US transmission. Secondly, air bubbles entering from the surgical incision and skin sutures produce shadowing artefacts that can prevent optimal visualization of tendons. Thus, a generous amount of gel should be inserted around the tendons and used during the examination to optimize US imaging. In addition, surgical incisions should not overlay the target tendons. Thirdly, experimental handling of tendons produces a ripple effect in structure resulting in anisotropy; this can be offset by manually straining the corresponding muscles. To assess further the consistency of the cadaver model, we tested the agreement between the MSUS experts in grading tendon damage. We also tested the concordance between the tendon lesions detected by the investigators and the surgically created lesions. Our results on intraobserver and interobserver agreement were similar or slightly worse than those reported in living patients [18] [19] [20] .
There are several important limitations to using cadaveric models that may explain these results. Firstly, there is a lack of muscle contraction and consequent torn tendon retraction which may hamper US detection of tendon tears. In addition, US scanning is more likely to detect tendon lesions in living specimens due to the dynamic of movement; a lack of secondary signs, such as hypoechoic fluid filling the tendon defect, or the thickening of the proximal end of the torn tendon. Nevertheless, to enhance US diagnostic capability, we cut and removed a small portion of the sectioned tendons during the surgical procedure and performed dynamic scanning as best we could during the US assessment.
The concordance between the US findings and the surgically created tendon lesions was acceptable and similar to those obtained in similar studies on cadaver models [9, 11] . Both, the intra-and interobserver agreement and the concordance between US and the experimental model were notably better for the TAT than for the TPT. This may be due to greater difficult in handling the curved TPT tendon, resulting in anisotropic enhancement.
In conclusion, an experimental cadaver model can serve as an alternative reference method for testing US metric properties in RA-like tendon damage.
